1. Introduction {#sec0005}
===============

The development of the human brain is characterized by a period of fast changes during the first two years after birth followed by a slower but persistent progression until early adulthood. This protracted maturation enables children to acquire sensorimotor capacities and cognitive skills in connection with their environment. The multiple neural changes occurring during childhood are still incompletely understood, but two major phenomena supporting behavioral changes have been highlighted since the beginning of the 20th century by *post-mortem* examinations ([@bib0145]; [@bib0355]): synaptogenesis-pruning cycles in the gray matter, mostly in the cortex, and the myelination of white matter fibers. Although these early studies remained limited by the small sample size, brain anomalies and the impossible matching with infants' functional development, they underscored the heterogeneity of the maturational patterns, with different timelines across regions, networks and functional systems.

With the rise of neuroimaging, it is now possible to examine brain development in healthy infants and over larger groups. Particularly structural Magnetic Resonance Imaging (MRI) studies have started to extend the former *post-mortem* studies, confirming the lengthy and heterogeneous changes occurring in the human brain in terms of cortical thickness ([@bib0225]; [@bib0320]), surface ([@bib0350]) and microstructure ([@bib0220]), as well as white matter maturation ([@bib0115]). In the cortical gray matter, indirect markers of the growth of dendritic arborization and synaptogenesis ([@bib0180]) and of the myelination of intra-cortical fibers ([@bib0335]) can be measured through relaxometry MRI ([@bib0220]), diffusion MRI ([@bib0025]; [@bib0040]) or both ([@bib0210]). In particular, an asynchrony in microstructural maturation between primary and non-primary auditory regions has been observed during the preterm period, based on parameters of diffusion tensor imaging (DTI) ([@bib0250]). In the white matter, the progressive axons ensheathment by myelin, the increasing lipid content and the fiber compactness constrain the diffusion of water molecules, leading to decreases in DTI diffusivities and an increase in fractional anisotropy in most tracts throughout infancy ([@bib0095]; [@bib0175]).

These structural changes have functional consequences that can be assessed in infants with electro- or magneto-encephalography (EEG, MEG) ([@bib0125]). The topography and latencies of event-related potentials (ERPs) are changing, especially during the first postnatal year. For instance, in the visual system, the latency of the visual P1 (the first positive component following the presentation of a visual stimulus) decreases from ∼300 ms at birth to ∼100−120 ms (close to the adults' values) about 3 months later ([@bib0240]). Since myelination accelerates the conduction of neural transmissions, we expected that DTI parameters reflecting the maturation of white matter fibers would correlate with the speed derived from the latencies of ERP components. We confirmed this hypothesis in two successive studies in infants showing that the speed of the visual P1 was correlated with the transverse diffusivity measured in the optic radiations, and the speed of inter-hemispheric visual transfer with that of the splenial callosal fibers ([@bib0005]; [@bib0100]).

Here, our goal was to investigate whether these results can be generalized to another sensory modality -the auditory system, and to further add another measure of maturation: the microstructural changes in the cortical gray matter where neural computations are performed, and which might be relevant to explain some variability across infants. The auditory system has a different developmental timeline compared with the visual system. Because of the noisy womb environment, the auditory cortex is already stimulated before birth, whereas visual stimulations are largely different *in*- and *ex-utero*. From the seminal work of [@bib0350] on the myelination of white matter tracts, it appears that acoustic radiations start to myelinate shortly after birth and continue slowly throughout the first 3 years, whereas this process occurs much more rapidly over the first postnatal semester for optic radiations. Consisting of a broad positive peak (P2) followed by a broad negative peak (N2), the infant's auditory ERPs show slower changes than the visual ERPs: from birth to one year of age, latencies decrease from ∼300 ms to ∼150 ms for the P2, and from ∼530 ms to ∼300 ms for the N2 ([@bib0030]; [@bib0200]; [@bib0255]; [@bib0345]). Protracted changes are also observed throughout childhood ([@bib0300]), notably with the appearance of earlier peaks (P1, N1) which are barely identifiable before 4--5 years of age ([@bib0230]; [@bib0280]).

With regard to structure-function relationships, only one study has investigated this issue in the auditory domain from childhood to adolescence, relating DTI parameters in acoustic radiations and the latency of M100 auditory response evaluated with MEG ([@bib0290]). However, the observed relationship did not survive when the children's age was first entered in the statistical model, contrarily to our reports for the infant's visual system ([@bib0005]; [@bib0100]). This result suggests that the links between the structural and functional properties as we can measure them, might be not as straightforward for the auditory modality as for the visual one. This issue thus needs to be further investigated.

A second important characteristic of the human adult auditory system is that it is lateralized, some acoustic features being better processed by the left hemisphere, some by the right ([@bib0050]). Signs of functional lateralization are seen early on. Preterms at 6 month of gestation and listening to speech syllables display faster and more sustained BOLD responses over the left posterior temporal region than the right, escaping the general pattern of larger right responses measured over the other regions ([@bib0235]). [@bib0080] reported larger activations in the left than right *planum temporale* for speech, whereas activations were symmetric for piano music in 2-3-month-old infants ([@bib0080]). By contrast, [@bib0270] reported larger activations in a right than left sphere defined around Heschl's gyrus in neonates listening to speech, but the whole-brain analysis showed mainly bilateral activations and even left activations when hummed and flattened speech were compared ([@bib0270]). Finally, [@bib0305] observed an increase with age in the difference of activations for speech and biological non-speech sounds in the left temporal lobes, when all responding voxels were pooled ([@bib0305]). This suggests an increase in the left hemispheric bias for speech perception during infancy. Besides, we reported early hemispheric asymmetries of the language network at the structural level, in terms of sulcation ([@bib0110]; [@bib0155]), cortical maturation ([@bib0220]; [@bib0295]) and white matter architecture ([@bib0105], [@bib0130]). Therefore, here we aimed to evaluate the relationships between early functional and anatomical markers of lateralization.

In this study, we used complementary EEG and DTI measures to study the maturation of the auditory network in infants during the first postnatal semester, when changes are intense and when structure-function relationships have already been demonstrated in the visual domain ([@bib0005]; [@bib0100]). We considered different functional and structural indices of maturation: latency of the auditory evoked responses as a functional index of neural maturation and transverse and longitudinal diffusivity as microstructural indices of white matter maturation and cortical gray matter maturation respectively. After analyzing how each of these indices evolves with infants' age, we analyzed hemispheric differences and investigated the extent to which these complementary measures of maturation are inter-related in the auditory domain.

2. Material and methods {#sec0010}
=======================

2.1. Subjects {#sec0015}
-------------

### 2.1.1. EEG {#sec0020}

We tested a first group of 23 infants in a binaural auditory paradigm (postnatal age between 5 and 21.4 weeks, 10 girls and 13 boys), and a second group of 19 infants in a monaural auditory paradigm (age between 6.7--28.7 weeks, 6 girls and 13 boys).

### 2.1.2. MRI {#sec0025}

Diffusion MRI data were acquired in a group of 22 infants (age between 5.9--22.4 weeks, 9 girls and 13 boys), considered for analyses of white matter pathways. Anatomical MRI data could not be acquired for one infant, so analyses over cortical regions only included 21 infants as detailed below.

Some infants participated to both EEG (monaural paradigm) and MRI exams, in less than 7 days apart: n = 16 with EEG and diffusion MRI data (5 girls and 11 boys); n = 15 with EEG, diffusion and anatomical MRI data (4 girls and 11 boys).

All infants were considered as typical subjects (born full-term, with no reported history of medical problems). The study was approved by the regional ethical committee for biomedical research. All parents were informed about the content and goals of the experiments, and gave written informed consent.

2.2. EEG study {#sec0030}
--------------

### 2.2.1. Experimental paradigms {#sec0035}

#### 2.2.1.1. Stimuli {#sec0040}

Two consonant--vowel syllables (/pa/ and /ta/) with neutral intonation were produced by two female speakers and matched for intensity and total duration (200 ms).

#### 2.2.1.2. Binaural paradigm {#sec0045}

The sounds were played through speakers in the room at a one--meter distance from the infant participant and parent. In each trial, syllables were presented by series of four, with an interval of 600 ms between the stimuli onsets and 2.2 s of silence following the fourth syllable onset and before the onset of the next trial (leading to a total duration of each trial of 4 s). At each trial, the syllable (phoneme /pa/ or /ta/, speaker) was randomly chosen among the four possibilities, and presented three times. The last syllable determined the type of trials: it was either similar to the first three (standard trials), or there was a change of phoneme (deviant phoneme trials) or a change of voice (deviant voice trials). A maximum of 192 trials was presented in 4 blocks of 48 trials (corresponding to 3 types of trials x 2 phonemes x 2 voices x 4 repetitions).

#### 2.2.1.3. Monaural paradigm {#sec0050}

Small earphones were placed on the infant's ears and maintained in place by the EEG net. The paradigm was similar to the binaural paradigm except that the first three syllables were presented in a single ear, and the last syllable was either played in the same or in the other ear. The initial ear side was kept constant during a block. 192 trials were presented in 4 blocks (2 blocks per ear side) of 48 trials (corresponding to 2 ear sides for the last syllable x 3 types of trials x 2 phonemes x 2 voices x 2 repetitions). This has led to similar acquisition times for the binaural and monaural paradigms.

### 2.2.2. EEG data acquisition {#sec0055}

An EEG net comprising 128 electrodes (EGI, Eugene, USA) with a reference located on the vertex was placed on infant's head relative to anatomical markers on the scalp. EEG was continuously digitized at a sampling rate of 250 Hz during the whole experiment (net amp 200 system EGI, Eugene, USA). The infants were sitting on the parent's laps in a shielded room. They may have fallen asleep or remained awake during the experiment. In the latter case, one experimenter was showing them interesting objects and cartoon images to keep them quiet. The experiment was stopped before the end if infants became restless.

### 2.2.3. EEG pre-processing {#sec0060}

EEG recordings were band-pass filtered between 0.5 and 20 Hz using a zero-phase lag filter, and were further processed using MATLAB toolboxes: EEGLAB ([@bib0090]) and Brainstorm ([@bib0330]). For both paradigms, the signal was segmented into epochs of 3700 ms \[-200, +3500\] ms relative to the onset of the first syllable at each trial. Channels contaminated by movement or eye artifacts were automatically rejected on a trial by trial basis, based on amplitude variations inside each epoch: for each channel, an epoch was rejected when the fast average amplitude exceeded 250 μv, or when deviation between fast and slow running averages exceeded 150 μv. Channels were rejected if they were marked as bad in more than 70 % of the trials, and trials were rejected if more than 50 % of electrodes were marked as bad. Recordings were then re-referenced by subtracting the average activity of all channels over the brain to obtain average-reference recordings, then baseline-corrected by \[-200 0\] ms time-window before the onset of the first syllable.

We computed auditory-evoked responses by averaging all artifact-free trials in each condition. For the binaural experiment, we kept on average a total of 121 out of 192 trials (63 %). For the monaural experiment, we averaged these trials for each ear side independently and kept on average a total of 56/55 out of 96 trials for the left/right ear respectively (58 %). Here, we focused on brain responses to the first syllable only, for which we had the maximum number of trials allowing to study responses with the highest signal-to-noise ratio. The high number of trials provided the most reliable identification of the ERP components by minimizing the signal variability between infants.

### 2.2.4. Identification of auditory evoked potentials {#sec0065}

To measure the latency of auditory evoked responses, we focused on the positive pole of the auditory response which is extended more laterally compared to the more medial negative pole (see [Fig. 1](#fig0005){ref-type="fig"}). We identified two symmetrical clusters of electrodes over the left and right sides on the topography of the grand average performed across each group. For the binaural paradigm, we considered 27 electrodes over each hemisphere, covering the fronto-temporal regions and extending over T1-F7 on the left side (T2-F8 on the right) ([Fig. 1](#fig0005){ref-type="fig"}. a). For the monaural experiment, we identified two symmetrical clusters of 15 electrodes, around T7/T8 extending anteriorly up to F3/F4, and posteriorly down to P7/P8 ([Fig. 1](#fig0005){ref-type="fig"}. b). For each infant, we averaged the activity over each cluster of electrodes.Fig. 1Time course of auditory evoked responses and age-related decrease in P2 latency.Left panels: Grand average ERPs over the groups in response to the first syllable presented either binaurally (a: n = 23), or monaurally in the left and right ears (b: n = 19). The grand-averages computed over the highlighted clusters of electrodes are displayed (red = left side, blue = right side). The voltage topography at P2 peak is presented next to the time course plot. For monaural syllables, topographies are presented at the time of the contralateral and ipsilateral P2 peaks. Time zero marks the syllable onset.Right panels: In each infant, the peak of P2 response was identified over the left (red) and right (blue) clusters for syllables presented binaurally, or monaurally. In b. darker colors correspond to the contralateral responses, and light colors to the ipsilateral ones. The latency of each P2 response decreases with age.Fig. 1

These clusters were identified by visual inspection of grand average responses over the infants group, irrespective of the side of stimuli presentation, standard/deviant conditions and the different ages of infants, and they were consistent with those previously reported in the infant literature on syllabic perception ([@bib0055]; [@bib0070]; [@bib0345]) In this study we focused on P2, which is the most prominent auditory response in the first semester after birth ([@bib0345]) and can be more easily identified in each infant even during sleep ([@bib0085]) We identified P2 component as the first distinguishable positive peak, appearing between 150−450 ms in the time course of auditory evoked potentials. In each infant, we measured P2 latency at the peak, and computed its amplitude over a 50 ms time window centered on the peak. P2 response was identifiable in all awake and sleeping infants. We thus included all infants in our analysis, notably following reports of little or no alterations of P2 latency for different stages of sleep in infants and children ([@bib0030]; [@bib0195]).

2.3. MRI study {#sec0070}
--------------

### 2.3.1. MRI acquisition and pre-processing {#sec0075}

Acquisitions were performed during spontaneous sleep in a 3 T MRI scanner (Tim Trio, Siemens Healthcare, Erlangen, Germany), equipped with a whole-body gradient (40 m T/m, 200 T/m/s) and a 32-channel head coil. To minimize specific absorption rate (SAR) and noise exposure, we used radio-frequency (RF) impulsions with "no SAR", and "whisper" gradient mode when possible. Infants' ears were protected from the noise using headphones placed over their ears during the acquisition.

Anatomical T2-weighted (T2w) images were also acquired in infants using a 2D turbo spin echo sequence (spatial resolution = 1 × 1 × 1.1mm3), providing the best grey / white matter contrast at these ages ([@bib0115],[@bib0120]). For DTI and tractography purposes, a diffusion-weighted (DW) spin-echo single-shot EPI sequence was used, with parallel imaging (GRAPPA reduction factor 2), partial Fourier sampling (factor 6/8) and monopolar gradients to minimize mechanical and acoustic vibrations. After the acquisition of the b = 0 volume, diffusion gradients were applied along 30 orientations with b = 700 s.mm-2. Fifty interleaved axial slices covering the whole brain were acquired with a 1.8 mm isotropic spatial resolution (field of view = 230 × 230 mm^2^, matrix = 128 × 128, slice thickness = 1.8 mm, TE =72 ms, TR = 10 s), leading to a total acquisition time of 5min40 s which was reasonably short for unsedated infants. Motion artifacts were corrected on DW images using PTK/Connectomist software ([@bib0120]; [@bib0140]).

### 2.3.2. Identification of white matter tracts and microstructure characterization {#sec0080}

Probabilistic tractography was based on a 2-crossing-fiber diffusion model using FSL software ([@bib0045]) over individual brain masks. Using individual seed regions, the following fiber tracts were identified from the auditory network: 1. left and right acoustic radiations (AR) (by locating seeds at the level of medial geniculate nucleus in thalamus, and temporal regions around Heschl's gyrus); 2. auditory fibers of the corpus callosum (ACC) (by locating the seeds in the left and right auditory regions) 3. left and right arcuate fascicles (AF) (by locating seeds at the superior parietal part of the tract, and at parieto-temporal junction at the level of the arcuate loop).

Following the estimation of the diffusion tensor, DTI parameters were quantified in each voxel of each infant brain. For each tract, averaged parameter X was calculated over the tract voxels by taking into account fiber density on the tract density map ([@bib0165]):$$\overline{X} = \,\frac{\sum^{i}d_{i} \times X_{i}}{\sum^{i}d_{i}},$$where i denotes the tract voxels, d~i~ is the fiber density at voxel i, and X~i~ is the value of the DTI parameter at voxel i. In this study, we focused on transverse diffusivity ($\text{λ}_{┴}$) as it was shown to be the best DTI marker of white matter myelination according to previous studies in animal models of demyelination ([@bib0310], [@bib0315]) and infant studies of white matter maturation ([@bib0115]). Moreover, we previously showed that a higher speed of visual responses is related to a lower transverse diffusivity in the corresponding tracts ([@bib0005]; [@bib0100]).

### 2.3.3. Identification of cortical regions and microstructure characterization {#sec0085}

In each infant, anatomical images were used to extract the cortical surface through a semi-automatic procedure ([@bib0135]). An individual atlas of cortical parcels defined on a 10-weeks-old infant ([@bib0190]) was projected on individual surfaces using a reliable inter-individual registration based on cortical sulci and ribbons ([@bib0205]). Here we focused on the auditory-related perisylvian regions: Heschl\'s gyrus (HG), *Planum Temporale* (PT), superior and medial temporal gyrus (STG, MTG), inferior frontal gyrus (IFG), and angular gyrus (AG).

We mapped DTI parameters over the cortical ribbon in each infant using a precise intra-individual registration correcting for geometric distortions ([@bib0210], [@bib0215]). To specifically identify cortical measures, we took advantage of the fact that longitudinal diffusivity (λ~//~) displays minimal values in the cortex compared with surrounding tissues regardless of the maturational stage ([@bib0210]). We computed median DTI parameters over each cortical region. We focused on λ~//~ to characterize the cortical microstructure because it reliably decreases with increasing maturation over this developmental period ([@bib0210]; [@bib0295]).

2.4. Statistical analyses {#sec0090}
-------------------------

### 2.4.1. Dependencies related to age, hemisphere, side and region {#sec0095}

We first evaluated the factors that might modulate the ERPs functional characteristics. We performed analyses of covariance (ANCOVA) on the P2 amplitudes and latencies for the binaural (n = 23) and monaural (n = 19) paradigms independently, with age as between-subjects covariate and hemisphere (left/right) as a within-subject factor. For the monaural paradigm, we entered a supplementary within-subject factor for the response side (contralateral/ipsilateral side relatively to the ear of syllable presentation).

Second, we assessed similar dependencies for DTI structural parameters (transverse diffusivity for each white matter tract: n = 22, longitudinal diffusivity for each cortical region: n = 21). With the diffusivity as dependent variable, we performed ANCOVA with age as between-subjects covariate, tract/region and hemisphere (left/right) as within-subject factors.

In all these analyses, hemispheric asymmetries were tested through the factor "hemisphere". When the tract/region x hemisphere interaction was significant, post hoc analyses were performed using paired t-tests. To limit the number of comparisons, we focused on the most relevant pairs (i.e. across different tracts/regions within each hemisphere, and across homologous tracts/regions of the two hemispheres). For the post hoc analyses, p-values were corrected for the number of comparisons using FDR approach.

### 2.4.2. Relationships between the functional markers of maturation {#sec0100}

We tested whether asymmetry indices (defined as (L -- R)/(L + R) with left L and right R values for amplitude or latency) were related between contralateral and ipsilateral responses using Pearson correlations (these measures did not depend on the infants' age, so partial correlations were not necessary). P-values were corrected for the number of comparisons using FDR approach.

### 2.4.3. Relationships between the structural markers of maturation {#sec0105}

As we considered auditory white matter tracts and perisylvian cortical regions that all belong to the same functional network, we further investigated whether these different neural substrates have related DTI microstructural changes over this developmental period, while controlling for common dependencies on infants' age. As previously, we evaluated relationships for the most relevant comparisons, i.e. across i) pairs of tracts/regions in each hemisphere (n = 22/21), ii) homologous tracts/regions of left and right hemispheres (n = 22/21), and iii) pairs of tracts and regions in each hemisphere (n = 21). For each paired comparison, we used partial correlations over the group, controlling for age. P-values were corrected for the number of comparisons in each hemisphere condition (e.g. all pairs of tracts in the left hemisphere) using FDR approach.

We also tested whether asymmetry indices in diffusivity parameters were related to each other across tracts/regions using Pearson correlations (these measures did not depend on the infants' age). Although no asymmetry index can be computed for callosal fibers, we included this tract as it is since it might interplay with other asymmetries for the development of lateralization.

### 2.4.4. Relationships between the structural and functional markers of maturation {#sec0110}

Finally, we aimed to examine the relationships between functional and structural markers of maturation in infants who had both EEG (monaural paradigm) and DTI datasets. In the following analyses, we considered left and right measures independently when hemispheric asymmetry was observed based on previous analyses. Otherwise, the averaged value was used in order to limit the number of comparisons.

Following our studies of the visual modality ([@bib0100]; [@bib0005]), we first compared the maturational properties of auditory-evoked responses and of white matter tracts (n = 16). As latencies are assumed to depend both on the fibers myelination and on the distance the neural signal travels, we considered a marker of speed, defined as the ratio between the fiber length and latency. We approximated the length of auditory pathways by the distance between the two ears measured on MRI images for each infant. We then analyzed whether the speed of P2 responses (averaged contralateral, left and right ipsilateral) was related to the transverse diffusivity in tracts that might contribute to neural propagation in this network (left and right acoustic radiations, arcuate fascicles, and auditory callosal fibers). We performed partial correlations over the group, controlling for the infants' age, and corrected for multiple comparisons in each tested condition using FDR approach. Note that contrarily to our visual study ([@bib0005]), we could not directly measure the inter-hemispheric transfer of responses in the auditory modality, because responses to monaural stimuli originate from both contralateral and ipsilateral pathways and are observed quite simultaneously in both hemispheres ([@bib0010]).

Since the microstructure of cortical regions might also contribute to the properties of P2 responses during infancy, we performed similar analyses considering longitudinal diffusivity in the different perisylvian regions (n = 15). Following a recent study comparing the visual and auditory modalities in the aging population ([@bib0285]), we primarily considered relationships with P2 latencies (results for P2 speeds are reported in supplementary information). As previously, we performed partial correlations over the group, controlling for the infants' age, and we corrected for multiple comparisons in each tested condition using FDR approach.

Furthermore, we investigated whether the asymmetry indices in functional and structural markers were related using Pearson correlations, and considering i) P2 speeds vs white matter tracts (n = 16) and ii) P2 latencies vs cortical regions (n = 15).

3. Results {#sec0115}
==========

3.1. Development and asymmetry of P2 functional responses {#sec0120}
---------------------------------------------------------

[Fig. 1](#fig0005){ref-type="fig"} presents the ERP topographies in each experimental task. The positive pole of the P2 component extended more over the frontal midline areas in the case of binaural compared with monaural stimulation. While we observed brain responses on both brain sides following monaural stimulation, the contralateral responses were larger and more extended than the ipsilateral ones, whatever the side of stimulation.

### 3.1.1. P2 amplitude {#sec0125}

When stimulation was binaural ([Table 1](#tbl0005){ref-type="table"}a), ANCOVA revealed a weak non-significant trend of hemispheric difference with larger amplitude in the left than right hemisphere, but no effect of age nor interaction between age and hemisphere. Regarding monaural stimulation ([Table 1](#tbl0005){ref-type="table"}b), only a weak non-significant trend of response side difference was observed due to larger amplitude in the contralateral than ipsilateral side. Asymmetry indices for contralateral and ipsilateral amplitudes ([Fig. 2](#fig0010){ref-type="fig"}a) were not related to each other (r = 0.06, p = 0.786).Table 1Summary of ANCOVA results for the amplitude and latency of P2 responses to binaural (a) monaural (b) syllables.Table 1a. Binaural PresentationAmplitudeLatencyage : F (1,21) \<1, p = 0.494**age : F (**1,21**)= 13.1, p = 0.002**hemisphere : F (1,21) = 3.0, p = 0.095hemisphere : F (1,21) \<1, p = 0.385age x hemisphere : F (1,21) \<1, p = 0.380age x hemisphere : F (1,21) \<1, p = 0.385b. Monaural PresentationAmplitudeLatencyage : F (1,17) = 1.6, p = 0.220**age : F (**1,17**)= 15.2, p = 0.001**hemisphere : F (1,17) \<1, p = 0.630hemisphere : F (1,17) = 1.7, p = 0.210response side : F(1,17) = 3.4, p = 0.083**response side : F (**1,17**)= 44.5, p \< 0.001**age x hemisphere : F(1,17) \<1, p = 0.377age x hemisphere : F(1,17) \<1, p = 0.943age x response side : F (1,17) \<1, p = 0.923age x response side : F(1,17) \<1, p = 0.393hemisphere x response side : F (1,17) \<1, p = 0.815**hemisphere x response side : F(**1,17**)= 10.7, p = 0.004**age x hemisphere x response side : F (1,17) \<1, p = 0.926age x hemisphere x response side : F (1,17)\<1, p = 0.530**Posthoc comparisons**contra left vs contra right : t (1,18) \<1, p = 0.495**contra left vs ipsi left : t (**1,18**)= -6.3, p \< 0.001contra left vs ipsi right : t (**1,18**)= -3.4, p = 0.004contra right vs ipsi left : t(**1,18**)= -4.6, p \< 0.001contra right vs ipsi right : t (**1,18**)= -4.0, p = 0.002ipsi left vs ipsi right : t (**1,18**)= 2.5, p = 0.028**[^1][^2]Fig. 2Hemispheric differences in the amplitude and latency of P2 peaks.Asymmetry indices (Left-Right)/(Left + Right) for P2 amplitude (a) and latency (b) in the different paradigms: binaural (n = 23) and monaural syllables (n = 19: contralateral and ipsilateral responses). The latency of ipsilateral responses to monaural syllables was significantly slower over the left than right cluster, in other words the ipsilateral response for a left ear syllable was slower than for a right ear syllable (\*: p \< 0.05). Statistical analyses are detailed in [Table 1](#tbl0005){ref-type="table"}.Fig. 2

### 3.1.2. P2 latency {#sec0130}

ANCOVA ([Table 1](#tbl0005){ref-type="table"}a) showed a main effect of age (latency decreased with age: [Fig. 1](#fig0005){ref-type="fig"}a), but no difference between hemispheres, nor interaction between age and hemisphere when stimulation was binaural. For monaural stimulation ([Table 1](#tbl0005){ref-type="table"}b), we also observed a main effect of age (latency decreased with age: [Fig. 1](#fig0005){ref-type="fig"}b), as well as a main effect of response side, with an interaction between side and hemisphere. Post hoc analyses ([Table 1](#tbl0005){ref-type="table"}b) revealed that i) P2 latency was longer on the ipsilateral than contralateral side whatever the hemisphere, and ii) ipsilateral responses had longer latency in the left than right hemisphere, whereas no hemispheric difference was seen for contralateral responses. Asymmetry indices in contralateral and ipsilateral latencies ([Fig. 2](#fig0010){ref-type="fig"}b) were not related to each other (r = 0.19, p = 0.445).

3.2. Development and asymmetry of auditory structural substrates {#sec0135}
----------------------------------------------------------------

### 3.2.1. White matter {#sec0140}

Tracts were precisely reconstructed in each infant with tractography ([Fig. 3](#fig0015){ref-type="fig"}a). A first ANCOVA on transverse diffusivity averaged over left and right acoustic radiations, arcuate and auditory fibers of the corpus callosum ([Table 2](#tbl0010){ref-type="table"}a) revealed a main effect of age (diffusivity decreased with age: [Fig. 3](#fig0015){ref-type="fig"}a), as well as a main effect of tract but no interaction age x tract. A second ANCOVA separating the left and right AR and AF ([Table 2](#tbl0010){ref-type="table"}a) confirmed these effects and showed a main effect of hemisphere, but no interaction of age with the other factors (2-way and 3-way interactions were not significant). In other words, the degree of tract asymmetries was not changing with age during this period. Then, we performed selected post hoc tests to compare the different tracts within each hemisphere, as well as left vs. right homologous tracts ([Table 2](#tbl0010){ref-type="table"}a). Within a hemisphere, tracts demonstrated significant microstructural differences following a gradient of $\text{λ}_{┴}$ values (from higher to lower ones: AF \> AR \> ACC, [Fig. 3](#fig0015){ref-type="fig"}a). Across hemispheres, $\text{λ}_{┴}$ was higher in the right AR and AF relatively to their left homologs ([Fig. 4](#fig0020){ref-type="fig"}a). Partial correlations of $\text{λ}_{┴}$ values controlling for age dependences revealed that despite their microstructural differences, several tracts shared common maturational patterns (Sup Table 1a): homologous tracts, AR and AF within each hemisphere, and bilateral AF with ACC. This suggested that most pathways are maturing in synchrony despite being at different maturational stages. Yet, the AR and AF asymmetry indices were not related to each other, nor with the ACC microstructure (in all the 3 comparisons: r\<0.20, p \> 0.89 after correction for multiple comparisons).Fig. 3Maturation of the linguistic pathways and perisylvian regions quantified with diffusion MRI.a: Left panel: Example of tract reconstructions in a 12-week-old infant superposed on the map of DTI anisotropy: acoustic radiations (AR), auditory fibers of the corpus callosum (ACC) and arcuate fasciculus (AF). Right panel: Transverse diffusivity ($\text{λ}_{\bot}$) plotted as a function of infants' age in each tract (left and right values are averaged). Major age-related decreases are observed (n = 22).b: Left panel: 3D parcellation atlas of a 10-week-old infant showing the studied regions: Heschl's gyrus (HG), *planum temporale* (PT), superior and middle temporal gyri (STG, MTG), angular and inferior frontal gyri (AG, IFG). Right panel: Longitudinal diffusivity ($\text{λ}_{||}$) plotted as a function of infants' age in each region (left and right values are averaged). Major age-related decreases are observed (n = 21).Fig. 3Table 2Summary of ANCOVA results for DTI parameters in white matter tracts (a) and perisylvian cortical regions (b).Table 2Structural maturationa. White matter tracts**ANCOVA with all tracts averaged over hemispheresage : F (**1,20**)= 62.6, p \< 0.001tract : F (**2,40**)= 64.5, p \< 0.001**age x tract : F (2,40) \< 1, p = 0.734**ANCOVA with only AR and AFage : F (**1,20**)= 47.6, p \< 0.001tract : F (**1,20**)= 59.2, p \< 0.001hemisphere : (**1,20**)= 14.8, p = 0.001**age x tract : F (1,20) \<1, p = 0.457age x hemisphere : F (1,20) \<1, p = 0.914tract x hemisphere : F (1,20) \<1, p = 0.673age x tract x hemisphere : F (1,20) \<1, p = 0.796**Posthoc comparisonsLeft HemisphereAF vs. AR, t(**1,21**)= 7.9, p \< 0.001AF vs. ACC, t(**1,21**)= 9.4, p \< 0.001**AR vs. ACC, t(1,21) = 1.7, p = 0.096**Right HemisphereAF vs. AR, t(**1,21**)= 5.6, p \< 0.001AF vs. ACC, t(**1,21**)= 15.9, p \< 0.001AR vs. ACC, t(**1,21**)= 4.5, p \< 0.001Left vs Right tractsAF, t(**1,21**)= -2.7, p = 0.014AR, t(**1,21**)= -3.7, p = 0.002**b. Perisylvian regions**age : F (**1,19**)= 51.5, p \< 0.001region : F (**5,95**)= 101.5, p \< 0.001**age x hemisphere : F (1,19) \<1, p = 0.379**region x hemisphere : F (**5,95**)= 7.5, p \< 0.001**age x region x hemisphere : F (5,95) = 1.4, p = 0.233**Posthoc comparisonsLeft HemisphereIFG vs. MTG, t(**1,20**)= 2.3, p = 0.031MTG vs. STG, t(**1,20**)= 3.6, p = 0.002STG vs. AG, t(**1,20**)= 2.3, p = 0.033AG vs. PT, t(**1,20**)= 3.7, p = 0.002PT vs. HG, t(**1,20**)= 3.2, p = 0.005Right HemisphereMTG vs. IFG, t(**1,20**)= 2.2, p = 0.050**MTG vs. AG, t(1,20) = 1.5, p = 0.182AG vs. IFG, t(1,20) = 1.2, p = 0.265**IFG vs. STG, t(**1,20**)= 3.7, p = 0.002AG vs. STG, t(**1,20**)= 6.0, p \< 0.001STG vs. PT, t(**1,20**)= 7.0, p \< 0.001STG vs. HG, t(**1,20**)= 6.6, p \< 0.001**PT vs. HG, t(1,20) \<1, p = 0.668**Left vs Right regionsIFG, t(**1,20**)= 3.9, p = 0.004*MTG, t(***1,20***)= -2.1, p = 0.067*STG, t(**1,20**)= 2.5, p = 0.044AG, t(**1,20**)= -4.6, p \< 0.001**PT, t(1,20) = 1.3, p = 0.252HG, t(1,20) \<1, p = 0.461[^3][^4]Fig. 4Hemispheric differences in the DTI properties of white matter tracts and cortical regions.Asymmetry indices (Left-Right)/(Left + Right) of DTI parameters in the white matter tracts (a, n = 22) and in the cortical perisylvian regions (b, n = 21). a. Lower transverse diffusivity ($\text{λ}_{┴}$) values in the left acoustic radiations (AR) and the left arcuate fasciculus (AF) compared to their right counterparts suggest a more mature microstructure in the left tracts. b. Similarly, the lower longitudinal diffusivity ($\text{λ}_{||}$) in the left than right angular gyrus (AG) and middle temporal gyrus (MTG) to a lesser extent, suggests more mature regions in the left hemisphere. The reverse pattern was observed for the inferior frontal (IFG) and superior temporal (STG) gyri, suggesting a more mature microstructure in the right hemisphere for these regions (statistical analyses are detailed in [Table 2](#tbl0010){ref-type="table"} ; asterisks represent significant differences from zero at p \< 0.05, and dots a marginally significant trend at p \< 0.1).Fig. 4

### 3.2.2. Grey matter {#sec0145}

Perisylvian cortical regions were identified in each infant based on individual parcellation ([Fig. 3](#fig0015){ref-type="fig"}b). ANCOVA on longitudinal diffusivity ([Table 2](#tbl0010){ref-type="table"}b) revealed a main effect of age (diffusivity decreased with age in all regions: [Fig. 3](#fig0015){ref-type="fig"}b), of region but no effect of hemisphere. The interaction region x hemisphere was significant, while the others were not. Selected post hoc analyses detailed the microstructural differences across regions, within each hemisphere and across hemispheres for homologous regions ([Table 2](#tbl0010){ref-type="table"}b). They revealed a gradient of λ~//~ values (from higher to lower ones: in the left hemisphere IFG \> MTG \> STG \> AG \> PT \> HG; in the right hemisphere MTG ∼/\> AG ∼ IFG \> STG \> PT ∼ HG, [Fig. 3](#fig0015){ref-type="fig"}b). Regarding hemispheric asymmetries, higher diffusivity values were observed in the right AG and MTG relative to the left homologues, and in the reverse direction (L \> R) for IFG and STG ([Fig. 4](#fig0020){ref-type="fig"}b). Despite these microstructural differences, partial correlations of λ~//~ values controlling for age dependences revealed common maturational patterns across regions (Sup Table 1b). Except for PT and HG for which results were less clear-cut, homologous (left and right) regions were related, as well as each pair of regions (IFG, AG, STG and MTG) within each hemisphere. Besides the asymmetry indices across regions were not related to each other (in all the 15 comparisons: r\<0.37, p \> 0.54 after correction for multiple comparisons).

We also evaluated the links between the different structural substrates composing the auditory network. Partial correlations between pairs of white matter tracts (considering $\text{λ}_{┴}$) and cortical regions (considering λ~//~) revealed reduced common maturational patterns beyond the age effects (Sup Table 2). The most significant ones regarded the right hemisphere, particularly right AR with right IFG; right AF with right IFG/STG/AG; ACC with right AG. Besides, the asymmetry indices across pairs of tract and region were not related to each other (in the 3 groups of 6 comparisons r\<0.40, p \> 0.42).

3.3. Relationships between the structural and functional markers of maturation {#sec0150}
------------------------------------------------------------------------------

To reduce the number of comparisons, we took into account the results of hemispheric asymmetries to further analyze the relationships between latencies, speeds and the microstructural properties of tracts and regions. When no asymmetry was observed, we considered averaged values (i.e. for contralateral P2 response, PT and HG). In the other cases (i.e. for measures showing asymmetries), we analyzed left and right values independently (i.e. for ipsilateral P2 responses, AR and AF tracts, IFG, MTG, STG and AG regions).

Similarly to our visual studies ([@bib0100]; [@bib0005]), we first evaluated the relationships between the microstructure of auditory tracts ($\text{λ}_{┴}$) and the conduction speed of P2 responses. Partial correlations controlling for age effects ([Table 3](#tbl0015){ref-type="table"}a) were non-significant for the acoustic radiations and arcuate fascicles but showed a trend for the auditory callosal fibers and the left ipsilateral P2 response ([Fig. 5](#fig0025){ref-type="fig"}a). Although this result did not survive correction for multiple comparisons, it might suggest that the ipsilateral P2 response in the left hemisphere is modulated by the arrival of information from the right hemisphere through the callosal fibers, consistently with a previous independent study comparing infants with corpus callosum agenesis and typical infants ([@bib0010]). Besides the asymmetry indices in P2 speeds and tracts microstructure were not related to each other (in the 2 groups of 3 comparisons r\<0.42, p \> 0.32).Table 3Relationships between the structural and functional markers of maturation.Table 3aLeft ARRight ARLeft AFRight AFACCaverage\
P2 contrar = 0.15,\
p = 0.991r \< 0.01,\
p = 0.991r = 0.14,\
p = 0.991r \<0.01,\
p = 0.991r = -0.05,\
p = 0.991Left\
P2 ipsir = -0.08,\
p = 0.763r = -0.25,\
p = 0.598r = -0.16,\
p = 0.702r = -0.36,\
p = 0.475***r = -0.52,***\
***p = 0.243***Right\
P2 ipsir = 0.26,\
p = 0.817r = 0.06,\
p = 0.817r = 0.10,\
p = 0.817r = 0.36,\
p = 0.817r = 0.14,\
p = 0.817bLeft IFGRight IFGLeft MTGRight MTGLeft STGRight STGLeft AGRight AGaverage PTaverage HGaverage\
P2 contra**r = 0.67,**\
**p = 0.043r = 0.70,**\
**p = 0.043**r = 0.44,\
p = 0.478r = 0.47,\
p = 0.219r = 0.34,\
p = 0.393r = 0.34,\
p = 0.393r = 0.48,\
p = 0.219r = 0.29,\
p = 0.397r = 0.21,\
p = 0.478r = 0.31,\
p = 0.354Left\
P2 ipsir = 0.15,\
p = 0.782r = 0.14,\
p = 0.782r = 0.37,\
p = 0.540r = 0.06,\
p = 0.876r = 0.22,\
p = 0.782r = 0.18,\
p = 0.782r = 0.04,\
p = 0.876r = 0.46,\
p = 0.480***r = 0.546,***\
***p = 0.430***r = 0.35,\
p = 0.540Right\
P2 ipsir = 0.11,\
p = 0.994r = -0.02,\
p = 0.994r = -0.26,\
p = 0.994r \< 0.01,\
p = 0.994r \< 0.01,\
p = 0.994r = -0.51,\
p = 0.530r = 0.45,\
p = 0.530r = -0.13,\
p = 0.994r = -0.11,\
p = 0.994r = -0.33,\
p = 0.825[^5][^6]Fig. 5Relationships between P2 characteristics and the microstructural properties of the language network.a: The speed of ipsilateral P2 response in the left hemisphere tended to be related to transverse diffusivity ($\text{λ}_{┴}$) in the auditory callosal fibers after controlling for age effects (n = 16, [Table 3](#tbl0015){ref-type="table"}a).b/c: The latency of averaged contralateral responses was related to longitudinal diffusivity ($\text{λ}_{||}$) in the left (b) and right IFG (c), after controlling for age effects (n = 15, [Table 3](#tbl0015){ref-type="table"}b).The plots represent the residuals in each parameter, after regressing out the effect of age. The partial correlation coefficients (r) and the corrected p values are indicated similarly to [Table 3](#tbl0015){ref-type="table"}, as well as raw (uncorrected) p values.Fig. 5

Regarding the relationships between the microstructure of cortical regions (λ~//~) and P2 characteristics, we only observed links for the averaged latency of contralateral P2 responses with the left and right IFG ([Table 3](#tbl0015){ref-type="table"}b, [Fig. 5](#fig0025){ref-type="fig"}b, c). When P2 speed was considered rather than latency, results were similar but less significant (Sup [Table 3](#tbl0015){ref-type="table"}). Finally, the asymmetry indices in P2 latencies and regions microstructure were not related to each other (in the 2 groups of 6 comparisons: r\<0.50, p \> 0.35).

4. Discussion {#sec0155}
=============

In this study, we explored the maturation of the auditory system during the first postnatal semester both from a functional and a structural perspective. We showed that the auditory P2 response tends to be of higher amplitude in the left than right hemisphere following binaural stimulations, and in the contra- than ipsilateral hemisphere following monaural ones. We also observed longer latency for ipsi- than contralateral responses particularly in the left hemisphere, which might reflect an asymmetric inter-hemispheric transfer of responses. We further highlighted a number of microstructural asymmetries in acoustic radiations and arcuate fascicles for white matter, and in inferior frontal, angular, medial and superior temporal gyri for the cortex. Besides, we demonstrated intense developmental changes in P2 latencies, auditory tracts and perisylvian regions during this period. When evaluating the links between the functional and structural indices of maturation, we showed limited relationships between the response speeds and the microstructure of underlying white matter pathways: some trend was only observed between callosal fibers and left ipsilateral responses, consistently with a previous study ([@bib0010]). Finally, the latency of contralateral P2 responses was related to the microstructural properties of the inferior frontal gyri.

4.1. Early markers of functional lateralization {#sec0160}
-----------------------------------------------

Firstly, we studied the lateralization of P2 responses in two different auditory stimulation tasks in two groups of infants. Regarding P2 amplitude, we observed a weak lateralization in favor of the left hemisphere following the binaural presentation of syllables, suggesting a left dominance in processing consonant-vowel syllables. This is relatively coherent with previous functional MRI (fMRI) studies of young infants, in which activations to speech stimuli were reported to be larger in the left than right *planum temporale* or in the left temporal lobe in general, notably relative to non-linguistic stimuli ([@bib0075], [@bib0080]; [@bib0305]).

In the monaural paradigm, we did not find any left-right difference for P2 amplitude, perhaps because this was alleviated by the strong contra-laterality effect that we observed whatever the ear of stimulation. We also suspect that P2 responses and their lateralization might have been modulated by the orientation of attention to the sides of the auditory space. Indeed, the side of syllable presentation remained constant within each block of trials, allowing infants to direct their attention towards one ear or the other. In dichotic listening tasks where subjects are asked to report the perceived syllable, reports from the right ear are generally more accurate than the left ear (this is known as the right ear advantage). However, in these tasks, overt attention to a given side alters perceptual performances such that the right ear advantage is increased when the right ear is attended, and decreased or even reversed when the left ear is attended ([@bib0170]). Therefore, responses in the context of the binaural paradigm (when spatial attention was not solicited) might better represent the intrinsic lateralization in our infant studies.

Regarding P2 latency, we observed a delay in ipsilateral compared to contralateral responses when syllables were presented monaurally, whereas in a previous study ([@bib0010]), such a delay was observed only when the stimulus ("babble noise" corresponding to overlaid segments of speech) was presented in the left ear. This difference might be explained by experimental variations: in the latter study, the side of presentation was randomly chosen at each trial while here, the side of the presentation alternated across blocks of 48 trials, probably leading to sensory priming within blocks.

Finally, we observed a delay in the left ipsilateral responses compared to the right equivalent. It is consistent with our previous study showing a similar asymmetric pattern of responses in another group of typical infants of the same age ([@bib0010]). However, because this delay was not seen in infants with corpus callosum agenesis, we attributed it to an inter-hemispheric transfer of information via the callosal connections. The spatial resolution of EEG cannot disentangle the direct ipsilateral and transcallosal responses, which progressively merge and thus might delay the P2 peak that we measured. Because this delay is seen only for the left ipsilateral response and not the right, it suggests an asymmetric transfer of information, prominent from the right to the left hemisphere. A recent study in adults also described asymmetry in the auditory inter-hemispheric connectivity: TMS applied over the right (but not the left) auditory regions changes the functional connectivity between these regions during resting-state, in proportion with the volume of auditory callosal fibers ([@bib0020]). Similarly, some studies have reported broader inter-hemispheric functional connectivity for the regions of the right hemisphere, but stronger intra-hemispheric connectivity for the left hemisphere, especially for linguistic areas ([@bib0160]). Our two studies in infants thus suggest that the asymmetric pattern of inter-hemispheric connectivity is already observed in early development.

4.2. Early structural asymmetries between hemispheres {#sec0165}
-----------------------------------------------------

Acoustic radiations and arcuate fascicles showed lower diffusivities in the left than right tracts, suggesting more complex, denser or more mature patterns of microstructure in the left than right tracts. Acoustic radiations have not been studied in infants so far, but leftward DTI asymmetries have already been reported for the arcuate fasciculus during the first postnatal semester, both in its structure and its faster left maturation ([@bib0105], [@bib0130]). In adults, previous *post-mortem* findings have reported more myelinated axons in the left than in the right posterior superior temporal lobe, an area posterior to acoustic radiations ([@bib0015]). Nevertheless, our results should be interpreted with caution because the acoustic radiations are quite short in length, and they partially cross the optic radiations in their path between the thalamus and the auditory cortex. Although their reconstruction with probabilistic tractography ([@bib0045]) was feasible despite infants' immature fibers, it was still challenging because of the limited spatial resolution relatively to infant brain size. Thus, our DTI parameters might be prone to partial volume effects with other tracts. Further work is needed to confirm the presence of this acoustic radiation asymmetry in infants and investigate how it relates to other regional asymmetries.

Asymmetries in the perisylvian cortical areas were observed in favor of both hemispheres, with more advanced maturation (lower longitudinal diffusivity) relatively to their homologues, in the right hemisphere for inferior frontal and superior temporal gyri, and in the left hemisphere for angular and middle temporal gyri. These observations are partly in agreement with previous findings based on T2w intensity, in which we showed rightward STS asymmetry ([@bib0220]). This latter study was limited to the sulci whereas here, parameters were averaged across relatively large parcels covering the gyri. These DTI asymmetries might be explained by two possible factors. On one hand, homologous tissues might have differences in cells and organelles density from birth on, due to genetic or epigenetic factors, and this would extend throughout lifespan. For example, the columns are wider and with more neuropil space in the left than right *planum temporale* in the adult brain ([@bib0065]), which certainly impacts DTI parameters. On the other hand, these differences might be due to transient asynchronies in left-right maturation engendering a different development of dendritic arborization and intra-cortical myelination (i.e. faster maturation in a region of one hemisphere relatively to its counterpart). Distinguishing these two aspects would require studying infants relatively to an adult population, as we have recently done to compare the maturation of dorsal and ventral linguistic pathways throughout infancy ([@bib0130]). Such an analysis was not possible here. In any case, the difference in hemispheric asymmetries between the superior and middle temporal gyri would need to be further explored as it could be one of the relevant markers distinguishing general auditory vs. linguistic regions.

4.3. Maturational evolution of functional and structural auditory markers {#sec0170}
-------------------------------------------------------------------------

As expected from the literature ([@bib0030]; [@bib0255]; [@bib0200]; for a review see [@bib0345]), P2 latency decreased with the infants' increasing age in all experimental conditions. This suggests an improvement in functional efficiency over the first postnatal months. As detailed in the last section of the discussion, numerous processes along the auditory pathways probably contribute to this improvement (e.g. maturation of cochlea, brainstem nuclei, auditory cortices and other cortical sources, as well as the myelination of auditory white matter pathways).

In the white matter (acoustic radiations, arcuate fascicles and callosal fibers), transverse diffusivity consistently decreased with the infants' age, suggesting intense myelination of the pathways ([@bib0115]; [@bib0355]). In the grey matter, longitudinal diffusivity also decreased with infants' age. Various developmental mechanisms involved in grey matter maturation at this age might underly these changes, including the development of dendritic arborization ([@bib0025]), the increase in synaptic density, the myelination of intra-cortical fibers ([@bib0205]) or the changes in intracellular organelle density (for a review see ([@bib0265])). A recent study using another diffusion-based method (neurite orientation dispersion and density imaging: NODDI) also pointed to the increasing cellular and organelle densities around the term period as sources of developmental changes in diffusion parameters ([@bib0040]). Overall, our results confirmed that tracts and regions were at different microstructural stages, which was consistent with the *post-mortem* and *in vivo* descriptions of maturational progression: associative white matter pathways lag behind the sensory projection pathways ([@bib0355]), and multi-modal cortices lag behind the primary ones ([@bib0060]; [@bib0220]). Nevertheless, as discussed above, these tracts and regions have also different microstructural organization at the mature stage ([@bib0115], [@bib0130]; [@bib0150]). Thus, interpreting DTI differences in terms of maturation should be done cautiously without pondering over adult measures.

4.4. Relationships between the functional and structural markers of maturation {#sec0175}
------------------------------------------------------------------------------

MRI data were acquired only for the second EEG group of infants, limiting the number of structure-function relationships that we could analyze. Although we might have expected that the functional lateralization in auditory responses was dependent on structural asymmetries, we did not observe such a relationship. In particular, the asymmetry in AR microstructure did not translate in P2 latency differences across hemispheres, perhaps because this late component is less sensitive to AR inputs than earlier components. However, such early peaks are difficult to identify in each infant with EEG, and MEG might be a more sensitive technique to be considered in the future for such purposes. So in our cohort and with our technique we could not directly relate asymmetries in cortical microstructure to asymmetries of functional responses. Nevertheless, the microstructural asymmetry of angular gyrus we report might be related to the leftward asymmetry of fMRI activations in the angular gyrus reported previously in 3-months old infants listening to speech ([@bib0075]).

Regarding developmental changes, we first expected that the myelination of auditory pathways would increase P2 speed, in particular for the acoustic radiations since their myelination starts after birth and progresses slowly until 3--4 years of age ([@bib0355]). Nevertheless, we did not observe any direct relationship, contrarily to our findings in the visual system that highlighted some for P1 speed and optic radiations, P1 interhemispheric transfer and visual callosal fibers ([@bib0005]; [@bib0100]). Actually, auditory P2 is a relatively late cortical response that probably arises from computations engaging multiple generators varying with the task and maturing in a complex way. In support of this view, EEG modelling approaches of P2 responses evoked by vowels and tones have proposed cortical sources in the superior temporal, supra-marginal and inferior frontal gyri in two-month-old infants ([@bib0035]; [@bib0055]), or in the anterior cingulate and temporal regions for 6-month-olds ([@bib0260]). [@bib0185] also reported superior temporal and inferior frontal sources using MEG in 6 and 12 month-olds ([@bib0185]). These studies hypothesized that inferior frontal regions are involved in syllable perception, which might explain the relationship we observed between the latency of P2 contralateral responses and the IFG microstructure. On the other hand, a recent study of the aging population suggested that structure-function relationships differ between the visual and auditory modalities ([@bib0285]). For this latter one, cumulative delays in evoked responses were related to differences in the gray matter volume of superior temporal regions, but not in auditory tracts ([@bib0285]). This highlights the importance of considering cortical properties when analyzing the inter-individual variability in auditory functional responses.

In the light of our previous study comparing typical infants and infants with agenesis of corpus callosum ([@bib0010]), we also assumed a possible role of auditory callosal fibers in the ERP characteristics, particularly for ipsilateral responses measured in the left hemisphere. Although it should be confirmed over a larger cohort of infants, the trend we observed between the callosal microstructure and the speed of this response is coherent with our hypothesis. Previous studies in adults further suggested that while the right-ear stimuli can access the left hemisphere processing resources through the strong contralateral auditory pathway, left-ear stimuli might access these resources through callosal connections from the right to the left hemisphere. [@bib0340] demonstrated that the accuracy of reports from the left, but not the right ear, is related to the strength of inter-hemispheric connections between superior temporal regions ([@bib0340]). Left-ear reports in dichotic paradigm are also disrupted in patients with commissurotomy ([@bib0245]; [@bib0325]) and in patients with lesions to posterior part of corpus callosum ([@bib0275]).

All together, these results show that combining dedicated EEG and MRI approaches in infants can shed light on the complex maturational relationships between the functional responses to auditory stimuli and the properties of the underlying neural network that involves both white matter pathways and cortical gray matter regions. Our results were obtained in a relatively small sample size, due to the inherent difficulties of obtaining combined neuroimaging data in young infants. This limitation encourages future research to replicate these results and to extend them to different developmental stages and other functional modalities.

5. Conclusion {#sec0180}
=============

This study highlighted the early lateralization and the developmental processes occurring within the auditory system during the first semester of infancy. Compared with the visual modality, our results taken together suggested complex functional and structural patterns and relationships. Auditory P2 responses might depend both on callosal connectivity and on the maturation of inferior frontal gyri. Yet, considering earlier responses (measured with MEG for example) would help us to understand the role of auditory projection pathways and primary regions. Measuring other complementary MRI measures (e.g. T1 relaxation time ([@bib0205],[@bib0210])) would also provide a more comprehensive evaluation of the auditory network, and of the ongoing maturational processes. Lastly, the detailed comparison of different brain systems showing asynchronous maturation would offer critical cues for the understanding of human cognitive development.
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[^1]: Amplitudes and latencies were considered as the dependent variable in separate ANCOVA models with age, hemisphere (left/right) and response side (contralateral/ipsilateral in the case of monaural syllables) entered as independent variables (1 covariate and 2 within-subject factors).

[^2]: For responses to monaural syllables, further post hoc analyses were performed to compare pairs of P2 latencies using paired *t*-test comparisons (p-values were corrected for the number of comparisons using FDR approach: c = 6). Significant (p \< 0.05) comparisons are indicated in bold.

[^3]: Transverse and parallel diffusivities were considered as the dependent variables in the ANCOVA models, with age, tract/region, hemisphere (left/right) entered as independent variables (1 covariate and 2 within-subject factors for the models of bilateral tracts and perisylvian regions). An additional ANCOVA is presented for combined left and right tracts (i.e. averaged transverse diffusivity over left and right acoustic radiations AR and arcuate fascicles AF) to include auditory fibers of the corpus callosum ACC without the hemisphere factor.

[^4]: We further selected post hoc analyses and performed comparisons between selected pairs of tracts/regions using paired t-tests: within each hemisphere (c = 3 for tracts, c = 15 for regions), and across hemispheres for homologous tracts/regions (c = 2 for tracts, c = 6 for regions). Abbreviations used for the tracts/regions names are identical to those of [Fig. 3](#fig0015){ref-type="fig"}. P-values were corrected using FDR approach for the number of comparisons within each hemisphere condition. For the sake of simplicity, we present only the pairs of regions with the least significant results (all the other comparisons show more significance and can be derived from these pairs). Significant (p \< 0.05) comparisons after FDR correction are marked in bold, while those significant comparisons before correction that did not reach the significance threshold of p \< 0.05 after correction, are highlighted in italic bold. For the comparisons within each hemisphere, the pairs of tracts/regions were ordered to highlight the gradient of λ~┴~ / λ~//~ values (from higher to lower ones).

[^5]: a: Correlation analyses between P2 speeds (contralateral responses averaged over both hemispheres; left and right ipsilateral responses) and the microstructure of auditory tracts (transverse diffusivity $\text{λ}_{┴}$ for left and right AR, AF and ACC), based on partial correlations taking into account the age effects (n = 16). P-values were corrected for the number of comparisons made for each P2 response (c = 5) using FDR approach. The only observed effect was a trend for the speed of left ipsilateral response that correlated with the auditory callosal fibers (uncorrected p = 0.049, corrected p = 0.243 highlighted italic bold, [Fig. 5](#fig0025){ref-type="fig"}a) but it did not survive the correction for multiple comparisons.

[^6]: b: Correlation analyses between P2 latencies (contralateral responses averaged over both hemispheres, as well as left and right ipsilateral responses) and the microstructure of perisylvian regions (longitudinal diffusivity $\text{λ}_{||}$ for left and right regions when an asymmetry was observed, or averaged over both hemispheres), based on partial correlations taking into account the age effects (n = 15). P-values were corrected for the number of comparisons made for each P2 latency (c = 10) using FDR approach. Significant (p \< 0.05) comparisons after FDR correction are marked in bold, while those significant comparisons before correction that did not reach the significance threshold of p \< 0.05 after correction, are highlighted in italic bold. The only significant relationships after correction were between the latency of averaged contralateral response and the left and right inferior frontal gyri ([Fig. 5](#fig0025){ref-type="fig"}b,c). See Sup [Table 3](#tbl0015){ref-type="table"} for similar analyses with P2 speeds.
